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INTRODUCTION
In MC-CDMA cotnniunication systems [ 11-[7] , the total bandwidth available is divided into a number of subbands, where each subband may eniploy direct-sequence (DS) spreading and each subband signal is transmitted with the aid of a subcarrier. In MC-CDMA systems [ 3 ] , [SI, [6] serial-to-parallel (S-P) conversion is invoked at the transmitter, in order to decrease the transmitted symbol rate for the sake of mitigating the effects of inter-symbol interference (1st). Frequency diversity in MC-CDMA systems is usually achieved by repeating the transmitted signal in the frequency (F)-domain with the aid of several subcarriers [4] , [5] , [7] . Classic studies of MC-CDMA have shown that the various MC-CDMA schemes proposed in the literature [2]- [7] are capable of supporting multiple users communicating over frequency-selective fading channels.
However, the future generations of broadband multipleaccess communication systems [SI are expected to have a bandwidth on the order of tens or even hundreds of MHz. Broadband wireless mobile channels are typically time-varying and the received signals may experience both frequency-selective and time-selective fading [9] , [lo] . Since conventional MC-CDMA schemes have usually been designed without considThis work has been fLnded i n the fi-amework of the IST project lST-2001-34001 SCOUT, which is partly t'tinded by the European Union. The authors would like to acknowledge the contributions of their colleagues.
ering the time-selectivity of the wireless channels, they may not be sufficiently efficient, when communicating over wireless channels exhibiting both frequency-selective and time-se1 ective fading. In this contribution, firstly, we resort to multicarrier transmission of the DS-CDMA signals for the sake of achieving frequency diversity, as considered in [4] , [SI. Secondly, in a manner analogous to the approach used in MC DS-CDMA schemes [4]-which divide the available bandwidth into a number of subbands -we divide the symbol-duration into a number of sub-symbol-durations referred to here as fractions, for the sake of achieving time diversity, when communicating over fast-fading channels. Hence, the proposed scheme is referred to as fractionally spread MC-CDMA ( FS MC-CDMA).
Our study and results demonstrate that the proposed FS MC-CDMA is capable of efficiently exploiting both the frequencyselective and the time-selective characteristics of the wireless channels encountered for enhancing the achievable BER performance. Furthermore, the proposed FS MC-CDMA has the potential of flexibly achieving the best balance between the attainable spreading gain and diversity gain. The diversity gain over frequency-selective fast fading channels automatically converts to the spreading gain without requiring external reconfiguration, when the frequency-selectivity and/or time-selectivity of wireless channels becomes less dominant. Owing to the above self-flexible properties, the proposed FS MC-CDMA scheme is beneficial for communications over wireless channels exhibiting frequency-selective fading and/or time-selective fading.
SYSTEM M O D E L

A . 7kinsmitfed Signals
The transmitter diagram of the kth user is shown in Fig1 for the proposed FS MC-CDMA system. In this scheme the original binary data stream having a bit duration of T h is S -P converted to U parallel substreams, which are expressed as
The new bit duration or symbol duration after S-P conversion is given by T, = UTb. As shown in is at the chip level and is dcfinecl as c,?
again a random sequence with cki E {+l, -1} and P T , , (~) is the rectangular chip waveform defined over the time interval
Let the total number of subcarrier fi-equencies, namely U S ,
where .S is defined as the length of the F-domain spreading codes to be invoked additionally. We assume that the spacing betwcen two adjacent subcarrier frequencies is 2/TC and there exists no overlap among the main spectral lobes of the subcari-iers. As shown in Fig where Et, represents the energy per bit, b k u ( t ) denotes the uth binary data's waveform after the S-P conversion, while 4;:)
rcpresents a random phase due to carrier modulation. Assuming ;V2 = T,,/Z. being an integer, then the total T-domain spreading factor is i V = T3/Yi = T S / 2 n x T*/T, = iV,iVz.
R E C E I V E R M O D E L we assume that the delay-spread of the channel, denoted by
T,, is lower than the chip-duration T,, i.e., we have T , < Tc. In practise the condition of T , < T, can be achieved by eniploying high chip-duration spreading sequences for each of the subcarriers, but assigning an increased number of subcarriers. The required frequency diversity again is achieved by transmitting the same data on several subcarriers experiencing independent fading. Since we assume that T , < T,, the nuniber of resolvable paths associated with each subcarrier is therefore one, i.e., each subcarrier signal experiences flat fading. As shown in Fig. 1 , the FS MC-CDMA transmitter usually employs s-P conversion and U data bits are transmitted in parallel within each symbol-duration. Hence, the symbol-duration is T, = U&. For rapidly time-varying wireless channels, which may be encountered by high-velocity niobile terminals or fast moving large-bodied objects in the vicinity of the mobile terminal, the fading amplitude may change significantly within a given symbol-duration, resulting in high-Doppler timeselective fading. Therefore, for fast fading channels we assume that the fading amplitude within each fraction of TD is a constant, while the received signal experiences independent fading during each fraction. However, if the fractions are subject to correlated fading, then interleaving over time can be employed before the S-P conversion stage of Fig. 1 , in order to guarantee the independent fading of the subcarrier signals in each fraction, Based on the above assumptions, the asynchronous signal received by the base station can be expressed as
( where n ( t ) represents the AWGN noise having zero mean and a double-sided power spectrum density of Nola. Furthemiore, in (2) ai$s is an amplitude fading parameter associated with the kth user, with the 72th fraction as well as with the subcarrierindexed by the values of ,U and s. Note that, cui%s = 1, when nonfading AWGN channels are considered, while = ai:), i.e. it is independent of the fraction index of 11, when considering frequency-selective slow fading channels.
Let the first user be the user-of-interest and' let us ignore the subscript as well as the superscript associated with the reference user. The transmitter of Fig.1 and ( I ) transmits each data bit on S nuniber of subcarriers using N I fractions. At the receiver side, these N1S number of signals conveying the same data bit are combined based on the maximum ratio conibining (MRC) principle, when assuming rapidly fading channels. Therefore, we have to estimate both the fading amplitude associated with each of the subcarrier signals within each fraction. In this contribution we assume and the phase that these channel parameters are perfectly estimated. Note that when AWGN channels are considered, the fading amplitudes of { a u n s } are set to units, while the phases due to carrier modulation and channel delay are assumed to be perfect e/sti; mates. By contrast, for the slowly fading channels considered, both the fading amplitudes as well as the phases are independent of the fraction index of n. The FS MC-CDMA receiver's schematic diagram is-shown in Fig.2 , which is suitable for receiving the FS MC-CDMA signals in all three types of channel models considered. In Fig.2 each subcarrier signal is first despread using the T-domain spreading code c ( t ) of the reference user associated with each fraction. Then, the subcarrier signals conveying the same data bit are despread using the F-domain spreading code {Fl, F2,. . . , F s } and combined using a MRC scheme with the aid of the channel's fading envelope estimates { c x , ,~~, ~, , .~2 ; .
. . ~ Q:zLns},=1. Finally, the N I number of signals corresponding to N I fractions of the same symbol are despread using the T-domain spreading code n(t), yielding the decision variable 2, ~ U = 1, . . . , U acquired for the uth binary bit. The process of generating the decision variable 2, for the first symbol can be summarized using the following equations.
Cl
Data -( n + 1 )To
1.( t)c( t ) cos( 2.irfu,t)dt1 ( 5 )
LT,> ~u n s = where we assumed that 71 = 0 and QUns = 0, representing perfect synchronization with the subcarrier signal of the fraction that is being considered.
IV. BIT ERROR RATE
In this section we summarize the BER expressions for the proposed FS MC-CDMA system, when communicating over the AWGN, and over the slow or fast frequency-selective Nakagami-ni fading channels.
The BER of the FS MC-CDMA system communicating over AWGN channels can be expressed as
where Q(x) represents the Gaussian Q-function, which can be represented in the form of Q(z) = & s, " exp (-$) d t .
In the context of the frequency-selective fast Nakagami-m fading channels, the BER of the FS MC-CDMA systems can be expressed as wherc m is the Nakagami-ni fading parameter, yc represents the average signal-to-noise ratio (SNR) received and can be expressed as
Explicitly, (7) shows that the diversity order achieved is S N I .
Finally, in the context of communicating over frequencyselective slow Nakagami-,tn fading channels, the BER of the FS MC-CDMA systems can be expressed as which shows the diversity order achieved over the frequencyselective slow Nakaganii-jn fading channels is S. Furthermore, the SNR in (9) is given by It can be shown [6] that the liniit of (7) or (9) with respect to + m will converge to (6), which quantifies the BER in the context of AWGN channels. This characteristic implies that when the channel quality improves and the fading envelope beconies near-constant, the FS MC-CDMA will ,automatically leverage the diversity gain into spreading gain.
v. PERFORMANCE RESULTS A N D DISCUSSION
In Fig3 we show the corresponding comparison of the BER performance of the FS MC-CDMA system, when communicating over both the non-fading AWGN, as well as over the frequency-selective slow fading and fast fading channels, assuming both Rayleigh (172 = 1) and Nakagami-in (m = 2) fading models. The curves in the figure were plotted against the average SNR per bit of Eb/MO for the parameters of N I = 4. N , = 31) S = 4 and K = 30. From the results of Fig.3 we observe that for a given SNR per bit value, the frequencyselective fast fading channel model achieves a lower BER, than the frequency-selective slow fading channel model, regardless of n i = 1 or ,171 = 2. Furthermore, for 172 = 1 or ni = 2, the BER performance curve of the frequency-selective fast fading channel model is only about 4dB or 2dB away from the BER perfomiance curve of the AWGN channel, at the BER of lo-', respectively. By contrast, at the same BER of the BER performance of the frequency-selective slow fading channel is significantly worse than that over AWGN channels, regardless of = 1 and ,172 = 2. For ,171 = 1 or in = 2 we observe the formation of an error floor for the frequency-selective slow or 25dB, respectively. The reason for the performance trends of Fig.3 is that in the context of the frequency-selective fast fading channel model the total diversity order is SN1 = 16. By contrast, in the context of the frequency-selective slow fading channel model, the diversity order is only S = 4. The results of Fig.4 also show that the achievable BER performance is better in frequency-selective fast fading environments, than in the frequency-selective slow fading environments. This is a consequence of the higher diversity order achievable over the frequency-selective fast fading channels, than over the frequency-selective slow fading channels.
Finally, Fig.5 shows the BER performance of the FS MC-CDMA system with respect to the Nakagami fading parameter in, when communicating over frequency-selective slow or fast Nakagami-m fading channels. For the sake of comparison, the benchmark BER performance achieved in AWGN channels was also plotted in over both Fat and slow fading channels will approach the BER perfomniance of AWGN channels. However, for any given fading parameter 171, the FS MC-CDMA system communicating over fast fading channels is capable of achieving a lower BER, than over slow fading channels.
In summary, in this contribution we have proposed a novel fractionally spread multicarrier CDMA arrangement, i.e., the FS MC-CDMA scheme, which employs concatenated Tdomain spreading for improving the achievable performance, when communicating over wireless channels exhibiting both frequency-selective and time-selective fading. It can be shown that the proposed FS MC-CDMA constitutes a self-flexible scheme without requiring extemal reconfiguration. It is capable of automatically converting the spreading gain to the diversity gain, when the frequency-selectivity and/or time-selectivity of the wireless channel becomes more dominant. Conversely, it has the ability to leverage the diversity gain into the spreading gain. when the frequency-selectivity and/or time-selectivity of the wireless channel becomes less prevalent. Furthermore, our numerical results show that in FS MC-CDMA the BER performance attained, when communicating over fast fading channels is significantly better than that over slow fading channels. The BER performance achieved over fading channels approaches that achievable over AWGN channels, when the grade of frequency-selectivity andor time-selectivity of the fad- ing channel increases. Therefore, the FS MC-CDMA scheme is beneficial for employment over wireless channels exhibiting frequency-selective fading andor time-selective fading.
